The Stokes-Einstein relation D =k&T/(Cga) (g is the shear viscosity; D is the diffusion constant; C =6m for no-slip and 4m. for slip boundary conditions; a is the molecular diameter) holds over a wide temperature range in many liquids. However, in a variety of fragile glass-forming liquids, a, as defined by the above expression, becomes smaller with decreasing temperature as the glass transition is approached. In an attempt to explain this experimental result, we propose that special thermal fluctuations cause domains in the liquid to become temporarily more Auidized, so that a diffusing particle can move through fluidized regions, but is inhibited from moving in the unAuidized region. We introduce a meanfield picture of this fluctuating Quid, and solve two versions for their hydrodynamic Aow fields. The resulting reduced drag force can account for the violation of the Stokes-Einstein relation seen in fragile glass-forming liquids, with plausible values for the size of the fluidized region and the mean-field reduction in viscosity.
I. INTRODUCTION
The Stokes-Einstein relation gives the diffusion constant D of a particle of radius a in a fIuid of shear viscosity g at temperature T:
1~T D= Cga where C is a constant that ranges from 6m under no-slip boundary conditions for the fluid on the particle surface to 4~under slip boundary conditions. This relation was derived by Einstein in 1905 [1] , using the Stokes formula for the drag force on a macroscopic sphere, and should, strictly speaking, only apply to diffusing particles that are much larger than the molecules comprising the fluid. However, it has been well established that it holds not only for diffusion of large particles, but also for diffusion of small tracer particles and self-diffusion in many fluids.
The reason for this is still largely mysterious, but the usefulness of the Stokes-Einstein relation for predicting diffusion constants in fluids cannot be denied.
On the other hand, materials certainly exist for which the Stokes-Einstein relation fails. Two extreme examples are superfluid helium, which has a vanishing viscosity but a finite tracer diffusion constant, and elastic single crystals, which have effectively infinite viscosity but finite diffusion constants owing to the presence of mobile interstitials and vacancies. When we rewrite Eq. (1) in the following form, (2) and interpret a as an effective length characterizing the product of diffusion constant and viscosity, it is interesting to note that a is infinite for the superfluid, which is in a state of momentum condensation, and zero for the single crystal, which is in a state of virtually complete spatial ordering.
Many fragile glass-forming liquids also deviate from the Stokes-Einstein relation, though not in as extreme a manner as superfluids and single crystals. (The term fragile comes from a classification scheme developed in Refs. [2] and [3] . ) Instead, a wide variety of these materials [4 -7] exhibit a length a that has the Stokes-Einstein value (i.e. , the radius of the diffusing particle) at high temperatures, but that gradually decreases by as much as a factor of 3 as the temperature is lowered towards the glass transition (see Fig. 1 ). This behavior has also been clearly seen in recent simulations of soft-sphere [8] and Lennard-Jones [9] liquids. Furthermore, Spaepen has presented evidence that in artificial layered samples of metallic glasses [10, 11] , the linear relaxation rates of g and I/D are inconsistent with the Stokes-Einstein relation. Other experiments on these materials [12] [5, 13, 14] . There are also claims of both violation [5, 15) and nonviolation [4, 16] of the Debye relation between the orientational diffusion time and the viscosity in fragile glass-formers. However, when the data from, e.g. , Ref. [16] is plotted in the manner of Fig. 1 [21] . Inside the domain, the viscosity is g', and outside, it is rl' (see Fig. 2 ). Both inside and outside, the Navier-Stokes equation ( f'(r) f"(r) --4f"'(r) --f' (r-) =0, (10) for all r. The general solution to Eq. (10) is found by repeated integration; it can be written as [21] The boundary conditions at r =R and r =I. provide six linear equations for the six C", in terms of the ratios l =I./R and g=g'/i)', the equations, and their solutions, are shown in the Appendix. To find the drag force on the sphere, we need, in addition to the velocity, the pressure, which is obtained by integrating Eq. (3) . The Laplacian of the velocity field of Eq. (8) is
The gradient of the pressure appearing on the right-hand side of Eq. (3) is an unknown in this problem, so Eq. (3) Fig. 3 .
For that reason, in this section we adopt a mode1 with a smoothly varying, spherically symmetric viscosity.
We take the viscosity to be rl(r) =rj +rl'(r), where g is the viscosity far from the particle, and rl (r) is a short-1 ranged, smooth function. %hen the viscosity is not piecewise constant, the linearized Navier-Stokes equation (3) where f (r) is short ranged; the fiuid fiow field must also satisfy the r =R slip or no-slip boundary condition. With this fluid velocity, the hydrodynamic drag force on the particle is F =4~g Rua . (20) The right-hand side of Eq. (18) We can integrate this equation once to find that (22) as in the two-zone calculation, the curl of this quantity must be zero to satisfy Eq. (18) , whose left-hand side is the gradient of the pressure. This means that viscous liquid to become temporarily fluidized. In the fluidized regions, motion of a diffusing particle is much easier than in the nonfluidized region, perhaps so much that we can entirely neglect any motion of the particle through the nonfluidized region. When this is the case, we can make an effective mean-field picture of the fluid where the viscosity far from the diffusing particle has the measured macroscopic viscosity of the fluid, but near the particle, the local viscosity is reduced. The effective reduced viscosity in this picture is not as small as the viscosity of the fluctuating fluidized regions, but includes a correction for the probability of the particle to be in a fluidized region. Still, the reduction should be appreciable in some region around the particle. It is simplest to assume that the effective mean-field viscosity is spherically symmetric around the particle, and with this assumpr 2r f '(r) 2r f "(r) --f "'(r) 2 4 +g' 2r f'(r) 2r f"(r) f-"'(r)+3aR- Fig. 4 , the resulting drag force is similar to the two-zone result. We want to apply these results to glass-forming liquids that violate the Stokes-Einstein relation. In these liquids, as discussed in Sec. I, special thermal fiuctuations [19] can arise that cause small regions in the extremely   FIG. 4 our mean-field picture, the measured viscosity corresponds to the viscosity g' or g far from the particle.
Our calculated hydrodynamic drag force, as seen in Fig.  3 or Fig. 4 
The remaining boundary conditions are that at r =R, the radial velocity is zero, and the tangential velocity (no-slip boundary condition) or tangential force (slip boundary condition) is zero; and at r =L, the radial and tangential velocities match inside and outside the sphere, and the forces on the surface from the two sides are equal and opposite.
